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Abstract Melt crystallized isotactic 
polypropylene thin films of thickness 
between 30 and 100 nm have been 
investigated by high-resolution 
transmission electron microscopy at 
room temperature. The c-axis 
projection of the 2"31 helices and 
their packing in the lattice were 
clearly visible in flat-on lamellae of 
the ~-phase following reconstruction 
from the components of the image 
Fourier transform corresponding to
the (1 1 0) and (040) lattice planes, 
and the image power spectra lso 
indicated contributions from (1 3 0) 
and (0 6 0) relfections, corresponding 
to a line resolution of about 0.35 nm. 
These results are discussed in terms of 
Bloch wave calculations based on the 
generally accepted structure for the 
~-phase. Attempts to obtain lattice 
images of the/%phase in isotactic 
polypropylene and melt crystallized 
syndiotactic polypropylene under 
similar operating conditions are also 
briefly discussed, although these 
provided relatively little structural 
information. 
Key words TEM HREM-isotactic 
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Introduction 
In recent years, there has been considerable use of high- 
resolution transmission electron microscopy (HREM) to 
investigate chain packing in semicrystalline polymers 
[1-5]. Initially, HREM studies were restricted to electron 
beam resistant polymers, but it has since been demon- 
strated that the investigation of relatively beam sensitive 
polymers uch as polyethylene [6], poly(tetrafluoroethyl- 
erie) [7, 8], poly(hydroxybutyrate) [9] and cellulose [10] is 
also feasible, given suitable precautions against radiation 
damage. To our knowledge, HREM studies of polypro- 
pylene have not so far been reported in the literature, 
although its crystal architecture has been extensively in- 
vestigated in the past using scattering techniques [11-21], 
and there continues to be considerable interest in specific 
details of the structure of the various polymorphic forms of 
both isotactic polypropylene (iPP) and syndiotactic poly- 
propylene (sPP) [22-28]. Direct lattice imaging of iPP has 
been shown to be possible using atomic force microscopy 
(AFM) [29-33], but HREM may prove to be a useful 
complementary technique in so far as it provides infor- 
mation on the internal, possibly defective structure of a 
sample, whereas AFM is restricted to investigations of the 
surface morphology. 
In what follows we present he results of an HREM 
investigation ofthin melt crystallized polypropylene films, 
with emphasis on the iPP monoclinic ~-phase, iPP can 
crystallize in at least two other forms, namely the hexa- 
gonal //-phase and the triclinic 7-phase [12, 16,28]. 
Subsequent to rapid cooling or cold drawing, a fourth 
modification, known as the mesomorphic or smectic phase 
is also observed, although the details of its crystalline 
structure are less well known [24, 25]. The ~-modification 
is the most usual form under normal processing 
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Fig. 1 (a) The structure of e-iPP (unit cell viewed along the c-axis): 
the two modifications differ in the arrangement of "up" (u) and 
"down" (d) helices; "L" and "R" indicate left- and right-handed 
helices; (b) three unit cells of the Ctz-form viewed perpendicular to the 
chain axis (for clarity he hydrogen atoms are not shown) 
conditions. Individual/3-iPP spherulites also occur spor- 
adically, however, and their formation can be promoted by 
adding/3-nucleants [343. 
In each case the iPP chains are packed in the lattice in 
the form of right- or left-handed 2"31 helices. The helices 
may further be classified as "up" and "down" helices de- 
pending on the orientation of the methyl side groups with 
respect to the chain axis. Extensive X-ray studies 
[13, 14, 18, 19-] have revealed two forms of the monoclinic 
s-phase, which differ in the configurational rrangement 
of the helices in the unit cell as shown schematically in 
Fig. la. The :~l-modification shows random packing of 
"up" and "down" helices (space group C2/c) and is formed 
during melt crystallization at high undercoolings [13, 
14, 21]. In the more stable ~2-modification, observed at 
low undercoolings or after annealing at elevated temper- 
atures [18, 19, 21-1, the helices are packed in alternating 
layers of "up" and "down" helices (space group P21/c) 
[13, 14]. This is illustrated in Fig. lb where three unit cells 
of the ~2-modification are shown projected along a*. The 
arrangement of helices of a given handedness i  neverthe- 
less the same in the two modifications, as shown in 
Fig. la, and there are only marginal differences in the 
unit cell parameters (the literature values are generally 
in the range a = 0.661-0.666nm, b = 2.073-2.098nm, 
c = 0.6495-0.653 nm and/3 = 98.5 ~ 99.62 ~ [11-15,1). 
Experimental 
The iPP investigated here was an additive free homo- 
polymer kindly supplied by PCD Polymere, Austria. 
The weight average molecular weight, Mw, was deter- 
mined by gel permeation chromatography to be about 
300000 g mol - I  and the polydispersity index was 2.97. 
Thin films were prepared by drawing freshly cleaved mica 
plates from a xylene solution at 140~ under nitrogen. 
AFM indicated the average thickness of the films to vary 
between 30 and 50 nm, with local thickness variations of 
about 15 20 nm. To obtain samples with a well defined 
thermal history, the films were remelted on the mica sub- 
strate for 30 s at 210 ~ on a hot stage, and subsequently 
isothermally recrystallized at temperatures ranging from 
110 to 125~ again under nitrogen. They were then 
floated off the substrate onto a water bath, mounted on 
carbon coated copper TEM grids and dried. As an alterna- 
tive, in order to investigate the feasibility of HREM invest- 
igation of free standing films, somewhat hicker samples 
( > 70 nm, as measured by AFM) were mounted on coarse- 
mesh annealed copper grids of the type used by Lauter- 
wasser and Kramer for TEM investigations of crazing 
[35]. In this case one grid square spans the whole of the 
TEM sample holder aperture, so that apart from a thin 
carbon coating to reduce charging, the film is essentially 
self-supporting. Although somewhat disadvantageous 
from the point of view of sample mechanical stability, this 
method may evantually prove useful for the observation of 
deformed samples [36,1. To reveal any edge-on or close to 
edge-on lamellar structure, certain samples were stained in 
RuO4-vapour, the stain being prepared as described by 
Montezinos et al. [37]. 
Unless stated otherwise, HREM was carried out at 
room temperature using the Philips CM 20 (accelerating 
voltage 200 kV, Cs = 2.0 ram, point resolution 0.28 nm), 
equipped with a low-dose unit. No objective aperture was 
used. For ~-iPP, the plate magnification in the FOCUS 
and EXPOSURE mode was generally set to 38 000 • and 
the exposure times were chosen to be within the total 
lifetime of the (1 3 0) diffraction spots for the same conden- 
ser settings (depending on the film thickness the exposure 
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times at his magnification were at most one third of those 
given by the automatic exposure meter). Since we worked 
without an objective aperture and at relatively low magni- 
fications, it was often difficult to identify the point of 
Gaussian focus to within more than about 5 nm (although 
the presence of small dust particles on the films was helpful 
in this respect). Once Gaussian focus was found, the image 
was defocussed by --70 to -80  nm using the objective 
lens fine focus control, in order to obtain Scherzer or 
"extended" Scherzer focus. Again, because of the low mag- 
nifications used in this study, the amount of defocus could 
not be determined a posteori from the experimental im- 
ages so that the levels of defocus quoted in what follows 
are subject to an estimated error of _+ 5 nm. The micro- 
scope was not calibrated for the determination of absolute 
values of the total end point dose, but the beam sensitivity 
was similar to that of polyethylene. For comparison, Revol 
and Manley [6] have obtained 0.37 nm resolution lattice 
images of polyethylene single crystals at 120kV and 
at a magnification of 36000• with a total dose of 
1.8• 10 -11Ct /m -2. 
After the first exposure, a second image was recorded 
in the SEARCH mode at a plate magnification of 11 500 x 
and at high defocus in order to situate the initial micro- 
graph with respect to any coarse features of the sample. 
The images were recorded on Kodak SO-163 photo- 
graphic film, developed in full strength Kodak developer 
D-19 for 15 min. The negatives were then examined with 
an optical microscope. Regions of interest were digitized 
using a CCD camera and transferred to a computer for 
image analysis. For the simulation of HREM images 
Bloch wave calculations were carried out using the Elec- 
tron Microscopy Simulation (EMS) software package 
[38]. Some complementary multislice simulations were 
also performed using the Cerius 2 package from Molecular 
Simulations Inc. 
Results and discussion 
The overall microstructure of a stained 30 nm thick iPP 
film, which was melt crystallized at 120 ~ is shown at low 
magnification i  Fig. 2a. In all the samples a two-dimen- 
sional spherulite-like morphology was observed, with 
spherulite radii of the order of 10/~m. Because of the 
limited film thickness and the presence of the substrate 
during crystallization however, the lamellar orientation in 
these spherulites was expected to be modified with respect 
to that in thicker spherulitic samples crystallized under 
equivalent conditions, in which a characteristic ross- 
hatched arrangement of lath-like lamellae is observed 
[39]. When stained, the thinnest films appeared relatively 
featureless at the submicron level at high defocus and 
(b) 
Tc = 120~ 
(c) 
I rc = !25~ 
O6O 
Fig. 2 (a) Microstructure of a thin film isothermally crystallized at 
120 ~ and electron diffraction patterns of samples crystallized at 
(b) 120'~C and (c) 125~ 
selected area electron diffraction (SAED) suggested a pre- 
dominantly flat-on arrangement of the lamellae (Fig. 2b). 
The coarse microstructure changed little with crystalliza- 
tion temperature in the range 110-125 ~ although sharp- 
ening of the SAED diffraction spots for a g~ven selected 
area aperture size suggested there to be an increase in 
spatial coherence with increasing crystallization temper- 
ature (compare, e.g., Fig. 2b and c). 
Figure 3 shows a second image of a sample crystallized 
at 120~ taken immediately after an initial exposure at 
high magnification. The dark circular region resulted from 
beam damage during focusing, and the light streaks, 
thought o result from shrinkage during crystallization, lie 
along the spherutite radii. Part of the HREM lattice image 
recorded at about -75  nm defocus is shown in Fig. 4, 
corresponding to the centre of the region shown in Fig. 3. 
The image is noisy, reflecting the low exposure times and 
the granularity of the photographic emulsion, as well as 
the presence of amorphous material in the path of the 
beam. Nevertheless, two sets of lattice fringes are clearly 
visible within an irregularly shaped patch whose total area 
was about 35x35 nm 2. Figure 5a shows the power 
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Fig. 3 Typical "second image" taken immediately after initial expo- 
sure of a film isothermally crystallized at 120 ~ The dark circular 
region corresponds to the part of the film used for focusing and the 
HREM image came from the centre of the region shown i the 
micrograph 
Fig. 4 Lattice image in a thin film of iPP isothermally crystallized at 
120 ~ obtained at about - 75 nm defocus 
spectrum obtained form a two dimensional Fast Fourier 
Transform (FFT) of a 256 x 256 pixel image taken from the 
centre of Fig. 4 (Fig. 5 is in the same orientation as Fig. 4). 
Comparison of the relative orientation of the fringes vis- 
ible in Fig. 4 with the positions of the peaks in the power 
spectrum in Fig. 5a, and the experimental diffraction pat- 
terns shown in Figs. 2b and 2c, indicates the fringes in 
Fig. 4 to correspond to the (040) and (1 10) planes in 
the ~-iPP unit cell. By tilting the Fig. 4 one can also 
(a) 
I 110  
L 
Fig. 5 (a) FFT power spectrum of part of the lattice image shown in 
Fig. 4; (b) lattice image r constructed byFourier filtering 
distinguish a set of (1 i 0) fringes (the appropriate viewing 
direction is indicated by the arrow). The corresponding 
spacings are d110 = 0.626 nm and d0,0 --0.52 nm which 
are well within the resolution limit of the CM 20, assuming 
ideal operating conditions. 
Fourier filtering was carried out either by masking out 
the noise and back transforming, or indirectly by masking 
the periodic component of the FFT, back transforming 
and subtracting the resulting image from the original im- 
age. The result of filtering is shown in Fig. 5b and a further 
enlargement is given in Fig. 6 along with the projection of 
the unit cell along the [0 0 1] direction. Assuming a lamel- 
lar thickness of the order of 10 nm, and correct focussing, it
is reasonable to take these images to represent an approxi- 
mation to the projected potential of the lattice [-40], in 
which case the dark regions correspond to the projection 
of the iPP helices along [00 1]. The periodic arrangement 
is clearly consistent with that shown in Fig. I, although the 
resolution is insufficient o reveal the pitch of the indi- 
vidual helices. 
As an aid to more detailed interpretation and in order 
to identify the optimum operating conditions for lattice 
imaging. Bloch wave calculations were carried out using 
the EMS software package [38] (the helical direction 
makes no difference to the projected potential along [0 0 1] 
and so, for convenience, the calculations referred to here 
are for the e2-modification). To begin with, we examined 
the influence of sample thickness (t) and defocus (A f )  with 
the objective aperture diameter ( ~ ) set to 7 nm-  1 which 
corresponds approximately to the resolution limit of the CM 
20. Scherzer focus for this microscope (Af= -- (Cs 2) 1/2) [40] 
occurs at A f= -- 71 nm, whereas the experimental HREM 
images were recorded under "extended Scherzer" condi- 
tions, that is, for somewhat higher values than - 71 nm 
(typically Af  = -- 75 to -- 80 nm). Figure 7 shows simu- 
lated HREM images for five A f ( - -  70 to --90 nm) and 
four t (5-20nm). For t = 5-10nm and Af=- -70  to 
- -  90 nm the images reflected well the threefold symmetry 
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Fig. 6 Enlargement of Fig. 5b with the c-axis projection of the unit 
cell as indicated 
r~ E21 
of the helices, and the projected potential approximat ion is 
clearly valid in this range of thicknesses, as anticipated 
above. The images which correspond most closely to the 
projected potential were obtained for t = 10nm and 
Af  = - 75 + 5 nm (images 0/1 to 2/1 in Fig. 7), suggesting 
the experimental condit ions to be optimal, assuming accu- 
rate al ignment of the microscope and the sample, accurate 
defocusing, zero objective astigmatism and negligible 
beam damage and noise levels. For  t > 15nm and 
Af<-  75 nm the beginning of contrast reversal can be 
seen in Fig. 7. Complete contrast reversal was found to 
occur at t = 30-35nm (the corresponding simulated 
images are not shown in Fig. 7). However,  this is well 
beyond the expected lamellar thickness of about 10 nm in 
iPP  samples melt crystallized in the temperature range 
considered here (110-125 ~ 
Typical experimental lattice images of samples crystal- 
lized at 120~ such as that in Fig. 4, did not show 
resolution to 0.28 nm, the (1 30) and (060) reflections 
being absent, for example. To make  compar ison meaning- 
ful, it was therefore necessary to reduce the effective objec- 
tive aperture diameter in the simulations to between 
~Z ~ = 2(d040)- 1 = 2(0.52 nm) -  l = 3.85 nm-  1 and ~ = 
2(d13o)- 1 = 2(0.4765 nm)-  1 = 4.2 nm-  t. Figure 8 shows 
a simulated lattice image for A f - -  -- 75 nm and t = 10 nm 
*/0 to */3 -> thickness from 5.00 [nm] by step of 5.00 [nml 
0/* to 4/* -> defocus from 70.0 [nm] by step of 5.0 [nm] 
Fig. 7 Simulated HREM images of e-iPP in the c-axis projection as 
a function of defocus (Af) and sample thickness (t) 
Fig. 8 SimuIated HREM image of cr in the c-axis projection for 
Af= -- 75 nm and t = 10 nm; the diameter of the objective aperture 
was reduced to 23 = 4 nm i to avoid the transmission of the (130) 
beams 
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where ~3 was set to 4 nm-  1, giving satisfactory agreement 
with Fig. 6. The absence of(1 3 0) and (0 6 0) reflections was 
therefore tentatively attributed to loss of near field order in 
the lattice owing to beam damage. 
In HREM images of samples crystallized at 125 ~ 
where the degree of local order and/or beam resistance 
may have increased somewhat, it was nevertheless possible 
to identify regions such as shown in Fig. 9, for which the 
image power spectrum did suggest a significant contribu- 
tion from the (1 3 0) planes. Both the image and the power 
spectrum have been contrast enhanced for reproduction, 
but the signal-to-noise ratio in the original image was 
sufficient o permit Fourier filtering, the results of which 
are also shown. The agreement with simulations in which 
the aperture diameter was adjusted to admit the (1 30) 
beams was less good than in the previous example, al- 
though the filtered image in Fig. 9c does provide a more 
accurate representation of the projected potential of the 
ideal structure. Finally, Fig. 10 shows one of several im- 
ages taken at a somewhat lower dose than in Fig. 9, 
apparently containing contributions from (0 60) (do6  0 ~- 
0.347 nm), but in such cases the noise level was too high for 
simple Fourier filtering to give meaningful results. 
It is of course possible to use diffraction data to correct 
the positions and amplitudes of the Fourier components, 
assuming the observed phases to be approximately cor- 
rect, and indeed one can deduce the phases of, and insert 
reflections which are present in the diffraction pattern, but 
absent from the image power spectrum [41]. However, this 
is tantamount to doing electron crystallography on what is 
already considered to be a known structure. It also presup- 
poses a high degree of periodicity, whereas one of the 
potential uses of HREM in polymers is for the observation 
of lattice defects, for which Fourier filtering is less appro- 
priate [42, 43]. Indeed we think that defects do contribute 
substantially to the "noise" in images such as that in 
Fig. 10, where there is discernible streaking of the (1 1 0) 
peaks in the power spectrum. If one looks at the image 
at an oblique angle the (1 1 0) planes a loss in crystallo- 
graphic registry is apparent on moving across the micro- 
graph (a clearer example of a defective structure is given 
below). 
For TEM of the thicker films mounted on coarse 
copper grids, use was made of the Philips EM 430 ST 
operated at 300kV (point resolution 0.2nm, Cs = 
1.15 mm). Very similar results to those described above 
were obtained for the thin films using this microscope 
under similar operating conditions, and no additional re- 
flections were detected in the image power spectra. The 
EM 430 ST was nevertheless preferred for films with 
a nominal thickness of the order of 70 nm owing to the 
somewhat greater transmission at 300 kV (although AFM 
suggested the local thickness of the films to vary by about 
Fig. 9 (a) Lattice image of a thin film of iPP isothermally crystallized 
at 125 ~ (b) FFT power spectrum of (a) showing (13 0) reflections; 
(c) detail of the corresponding Fourier filtered image; (d) simulated 
image 
Fig. 10 Lattice image of a thin film of iPP isothermally crystallized 
at 125~ and the corresponding FFT power spectrum showing 
(06 0) reflections 
+_ 20 nm, so that individual images did not necessarily 
correspond to a total thickness of 70 nm). Figure 11 shows 
a low magnification, highly defocused image of a stained 
ca. 70 nm thick film crystallized at l l0~ showing the 
cross-hatched lamellar structure in part a 2-D spherulite. 
SAED nevertheless indicated the presence of a substantial 
proportion of flat-on lamellae, which may reflect he influ- 
ence of the film-substrate interface. Indeed most of the 
lattice images obtained from these samples resembled 
Fig. 4, showing irregular patches of fringes with [-00 1] 
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Fig. 11 The cross-hatched 
lamellar structure of a 70 nm 
thick iPP film crystallized at 
110 ~ and stained with RuO 4 
vapour 
vertical (dark field micrographs obtained using the (h k 0) 
reflections also suggested the absence of a regular habit for 
lamellae in this orientation). No  other crystallographic 
orientations could be identified directly from the HREM 
micrographs, and no images were obtained for lattice 
planes other than those belonging to the [0 0 1] zone. 
Many of the images nevertheless showed a distinct 
morphology consisting of bands of fringes of between 10 
and 20 nm in width and up to 100 nm or more in length. 
These were taken to reflect a lath-like lamellar habit. An 
example is shown in Fig. 12, taken from a sample crystal- 
lized at l l0~ where one set of(1 1 0) fringes is visible. It 
was not possible to identify the lamellar orientation in this 
case, but if its long axis is taken to be parallel to a*, the 
lamellar growth direction, this lamella must be nearly 
flat-on. It was therefore inferred that these films contained 
lath like lamellae with a wide range of orientations, uper- 
imposed on a layer of irregularly shaped flat-on lamellae 
which was in contact with the substrate during crystalliza- 
tion. Of  additional interest in Fig. 12 is the apparent 
presence of an array of crystallographic defects. The posi- 
tion of an additional (1 1 0) half plane is indicated by the 
arrow, for example (again, tilting the figure helps to see this 
more clearly). The existence of edge dislocations of this 
type may be anticipated from the fact that the (1 1 0) planes 
are identical and correspond to a single layer of helices 
(this is not true of the (0 4 0) planes, for example). 
It was also possible to detect spherulites of the hexa- 
gonal//-phase in these samples by SAED and their propor- 
tion could be increased somewhat by adding a fl-nucleant 
Fig. 12 Part of a lath-like region of(1 1 0) lattice fringes from the film 
of Fig. 11, apparently containing crystallographic defects (the posi- 
tion of an extra (1 1 0) half plane is indicated by the arrow) 
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to the solution, although this was less effective for the 
thinnest films. However, although the /~-lamellae were 
generally flat-on and their beam sensitivity was compara- 
ble with that of the a-phase, lattice imaging proved diffi- 
cult. After several sessions with both the CM 20 the EM 
430 ST, using magnifications down to 25 000 • we were 
unable to detect more than one set of lattice fringes in any 
given region of the HREM images, and this was not 
pursued further. 
Also disappointing were attempts to obtain lattice im- 
ages from thin sPP films (the sPP was also supplied by 
PCD Polymere, Austria). These were melt crystallized on 
mica at 125 ~ again giving a high proportion of flat-on 
lamellae. A typical SAED pattern is shown in Fig. 13a, 
showing characteristic streaking of the (0 1 0) and (2 1 0) 
reflections, which has been identified with an intrinsically 
defective structure [23, 44]. Briefly, depending on the local 
handedness ofhelices being incorporated into the lamellae, 
the chain packing was proposed to be either fully isochiral 
or fully antichiral [23, 44]. In both cases the unit cell is 
orthorhombic. The nominal parameters for the fully 
isochiral cell are a = 1.44nm, b =0.56nm,  c =0.74 
whereas for the fully antichiral cell b = 1.12 nm, i.e., the 
unit cell is doubled along the b-axis [23, 44]. Melt crys- 
tallized sPP lamellae have been argued to contain a 
mixture of both modifications, depending on the crystal- 
lization temperature, and the electron diffraction patterns 
have been interpreted in terms of various possible defect 
arrays [23]. 
Figure 13b shows a typical lattice image of a thin sPP 
film obtained using the EM 430 ST, showing (2 0 0) lattice 
fringes with a spacing of 0.72 nm. (0 1 0) and (2 1 0) reflec- 
tions were absent from most of the image power spectra. 
This may have been due either to beam damage or noise, 
or a combination of both. The intensity associated with 
diffraction from these planes is likely to spread to along 
the corresponding layer lines so that the local intensity will 
diminish with respect to the noise level (in view of the 
earlier comments concerning/~-iPP, it may be significant 
that the diffraction patterns for/%iPP also showed streak- 
ing; this is possibly linked to local displacements from the 
expected positions of helices in a perfectly hexagonal ar- 
ray, due to "frustrated" packing [28]). 
To gain an idea of what one might hope to observe 
under the present operating conditions, a rectangular ar- 
ray of alternating rows of helices with a row spacing (a/2) 
of 0.72 nm and a spacing along the rows (b) of 0.56 nm, was 
constructed using Cerius 2. Starting at random positions 
within the array, half rows were shifted by b/4 along their 
lengths to give a mask corresponding to a possible defect 
structure shown i  Fig. 14a [23] (since we are concerned 
only with the c-axis projection here, no subsequent adjust- 
ments were made to the handedness of the helices). For this 
Fig. 13 (a) SAED pattern of sPP melt crystallized at 125 ~ (b) 
a typical attice image from the same sample, showing (2 0 0) lattice 
fringes 
model structure multislice image calculations were carried 
out for t = 10rim and Af=-  75 nm, and microscope 
parameters corresponding to the EM 430 ST. Figure 14b 
shows the simulated image, in which the positions of the 
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Fig. 14 (a) [00 1] projection of a model defective sPP lattice; (b) 
multislice simulation from (a) and the corresponding simulated elec- 
tron diffraction pattern (t ~ 10 nm, Af  = -- 75 nm) 
defects are clearly visible, along with the simulated elec- 
tron diffraction pattern showing streaking of the (0 1 0) and 
(2 1 0) peaks, qualitatively consistent with Fig. 13a. When 
the background noise was included in the simulation by 
adding the noise component of an experimental lattice 
image (after filtering out the periodic content), to give 
a mean signal to noise ratio of 1:2, we obtained images 
such as shown in Fig. 15a. This illustrates the difficulty 
inherent in detailed interpretation of HREM images of 
sPP taken under the present conditions. Although the 
(2 0 0) peaks remain clearly identifiable in the power spec- 
trum of this image (Fig. 15b), the intensity of the (010) 
peaks is reduced, and the associated layer line is substan- 
tially lost in the noise. Figure !5c shows an experimental 
image at comparable magnification, and its power spec- 
trum (Fig. 15d). Again, the (200) peaks are relatively 
intense, but the (0 1 0) peaks are faint, and the layer lines 
are apparently absent. It therefore seems unlikely that one 
Fig. 15 (a) Multislice image simulation (t ~ 10 nm and Af= -- 75 nm) 
using the model of Fig. 14, superposed onto the noise component of
an experimental image to give a signal tonoise ratio 1 : 2; (b) the FFT 
power spectrum of image (a); (c) experimental image t comparable 
magnification; (d) the FFT power spectrum of image (c) 
can reconstruct the original, presumably defective lattice 
from images of this quality by simple Fourier filtering. 
Conclusions 
Lattice images of the ~-modification of isotactic poly- 
propylene have been obtained from thin films with 
spherulitic microstructure using a conventional 200 kV 
TEM equipped with a low-dose unit, giving a line resolu- 
tion of up to 0.35 nm. With Fourier fltering, and hence 
assuming a periodic structure, this should give a compara- 
ble effective point resolution as long as the intensities of 
Bragg peaks in the image power spectrum are higher than 
the total noise intensity within the masks. However, the 
noise level becomes more critical for defect structures, in 
which the Bragg peaks may be both diminished in inten- 
sity and smeared out over a wider range of spatial frequen- 
cies. Our attempts to obtain HREM images of melt 
crystallized sPP are a case in point. Even assuming the 
microscope parameters to be optimized (which the results 
for e-iPP appear to confirm) and leaving aside extrinsic 
factors such as sample misalignment a d beam damage, 
the effective resolution is severely limited by background 
noise imposed by the need to underexpose the negatives, 
the granularity of the film and contributions to the image 
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from amorphous  material  ( including the carbon substrate) 
and lamellae which are not in a Bragg orientation. 
It might be of interest o modify the sample prepara- 
tion condit ions in order to reduce the substrate and 
sample thickness, and to increase the local order (e.g., by 
crystallizing at higher temperatures). However, well 
ordered sPP samples have already been extensively char- 
acterized by AFM of lamellae crystallized epitaxially from 
the melt onto soluble substrates [32]. Indeed, whereas 
TEM is restricted to observat ion of zones conta in ing 
strongly diffracting planes, AFM can give access to a much 
wider range of structural  detail in such samples. AFM 
imaging of defect structures in the [00 1] pro ject ion of 
disordered melt crystal l ized sPP  lamellae nevertheless re- 
mains somewhat  of a chal lenge xperimental ly,  not  least 
because of the potent ia l ly  rough fold surfaces of as-crystal-  
lized samples. 
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